The lentiviral vector is a useful tool for delivery of hairpin siRNA (shRNA) into mammalian cells. However, the efficiency of this system for carrying double-stranded siRNA (dsRNA) has not been explored. In this study we cloned the two forms of siRNAcoding sequence, a palindromic DNA with a spacer loop for shRNA and a double-stranded DNA with opposing Pol III promoters for dsRNA, into lentiviral DNA vectors, and compared their viral vector production yields. Our results indicate that sharply lower titer vector was obtained for dsRNA while much higher titer vector was produced for shRNA, posing a fundamental concern whether siRNA-carrying viral RNA itself is an inherent target of RNAi. Further experimental analyses using packaging cells that either allow or do not allow siRNA transcription indicate that the shRNA-carrying viral RNA is resistant to RNAi but the viral RNA carrier for dsRNA is not, offering a linker of RNAi bias-target secondary structure that causes shRNA vector to evade RNAi degradation. More importantly, the poor yield of dsRNA vector production was restored when a novel packaging cell line was used that blocks the antisense strand from dsRNA duplexes. This method has important implications for the RNAi field, especially for those who are using lentiviral dsRNA and dsRNA libraries for various biological discovery and therapeutic interventions.
INTRODUCTION
RNA interference (RNAi) is the process of using specific sequences of double-stranded RNA to knock down the expression level of sequence-homologous genes. RNAi is a ubiquitous pathway in nearly every eukaryote studied thus far and represents a unique form of post-transcriptional gene silencing (Waterhouse et al. 2001; McManus and Sharp 2002; Hannon and Rossi 2004; Meister and Tuschl 2004; Mello and Conte 2004) . The real trigger of RNAi is a small double-stranded RNA that is 21-23 bases in length Grishok et al. 2001; Hutvagner et al. 2001) , which assembles with RISC in the cytoplasm Song et al. 2004; Sontheimer and Carthew 2004) and initiates a complicated cascade for the ultimate degradation of sequence-homologous RNAs (Fire et al. 1998; Hammond et al. 2000) . Such ability of small interfering RNA (siRNA) in mammalian cells will undoubtedly revolutionize the study of functional genomics, the discovery of drug targets, and even the treatment of human diseases . The intracellular expression of siRNA can be mediated from a short palindromic sequence with an intervening loop (shRNA) (Brummelkamp et al. 2002; Sui et al. 2002; Zhou et al. 2008) , or from a doublestranded DNA sequences with dual, opposing promoters (dsRNA) ( Fig. 1 ; Tran et al. 2003; Zheng et al. 2004; Ke et al. 2006) . We have recently shown that expression of short double-stranded RNA from opposing promoters can be used efficiently to generate partially randomized siRNA libraries targeting conserved gene families (Yang et al. 2006) .
Retroviral gene transfer is a powerful technique for stable introduction of heritable genetic material into mammalian cells (Mulligan 1993) . Retroviruses pseudotyped with the VSV-G protein efficiently infect most cell types, and the resultant provirus integrates into the host chromosome for stable gene expression (Yee 1999; Buchschacher and WongStaal 2000) . In addition, the use of lentiviral vectors further broadens the host range to include nondividing and terminally differentiated cells (Quinonez and Sutton 2002; Zhou et al. 2006) . Lentiviral vectors that stably introduce RNAi into mammalian cells can be used to achieve longterm silencing of various human genes (Qin et al. 2003; Tiscornia et al. 2003) . However, delivery of silencing siRNA by lentiviral vectors may be more problematic than delivery of regular genes.
A fundamental concern is whether siRNA-carrying viral RNA itself is an inherent target of RNAi during the packaging process. The production of siRNA lentiviral vectors is generally by transient co-transfection of the siRNA-encoding lentiviral DNA vector with packaging plasmids that encode the retroviral structural genes and essential regulatory genes into cells (Pear 1996; Yee 1999) . In these packaging cells, the full-length viral RNA embedded with the siRNA sequence is transcribed via a polymerase II promoter initiated at the 59 LTR and terminated at the 39 LTR. Concomitantly, transcription of siRNA is initiated at the internal Pol III promoter(s). The sequence homology of the siRNA to the siRNA-carrying viral RNA will, in theory, elicit RNAi against the viral vector RNA itself and thus can potentially reduce the viral RNA levels, and subsequently viral vector titers.
Here we developed a method aimed at detecting the potential RNA interference in siRNA-carrying viral vector production. Our experimental results not only disclose an RNAi target bias in preparations of shRNA and dsRNA vectors, but also offer a clear linker of RNAi bias-RNA target secondary structures. More importantly, this method provides an approach that prevents the negative RNAi and thus restores the yield of dsRNA vector production. These results have important implications for RNAi field especially those who are using the lentiviral dsRNA and dsRNA library for various biological discovery and therapeutic interventions.
RESULTS AND DISCUSSION

Extremely poor efficiency of lentiviral vectors for delivery of dsRNA library
We have previously demonstrated a method to generate a partially randomized dsRNA library targeting nuclear hormone receptor gene families (Yang et al. 2006) . In order to test whether this library can be delivered efficiently by lentiviral vectors, we cloned their DNA templates into a hU6-dsRNA-mU6 expression cassette ( Fig. 1 ; Yang et al. 2006) , and ligated into a lentiviral DNA vector, pSD31 (Zhang et al. 2007; Zhou et al. 2008) . The yield of RNA vector produced from a popular packaging cell line, 293FT, was tittered. As shown in Figure  2 , extremely low titer of dsRNA library vector was obtained, contrasting sharply with the titer of pSD31 backbone only. The poor yield of RNA vector production for this dsRNA library poses a general concern whether the lentiviral RNA vector is a good tool for delivery of silencing siRNA. FIGURE 1. (A) Schematic representation of a variety of siRNA expression cassettes used in this study: shRNA, a shRNA expression cassette with a single mouse U6 promoter for transcription of the palindrome DNA template; shRNA(O), a shRNA expression cassette with an inducible mouse U6 promoter wherein a TetO sequence was inserted between TATA box and PSE for conditional shRNA expression (Zhang et al. 2007 ); dsRNA, a dsRNA expression cassette with dual opposing mouse U6 promoters for simultaneous transcription of the sense strand and antisense strand in convergent manner (Tran et al. 2003; Zheng et al. 2004) ; dsRNA(O), a dsRNA expression cassette with the antisense strand expression driven by the inducible U6 promoters (Zhang et al. 2007) ; dsRNA(O9), a dsRNA expression cassette with the sense strand expression driven by the inducible U6 promoters; dsRNA(O2), a dsRNA expression cassette with both strand expressions driven by the inducible U6 promoter; A/S, an alternative dsRNA expression cassette with tandem U6 promoters driving antisense and sense strands expressions (Lee et al. 2002; Miyagishi and Taira 2002) . (B) Two DNA vectors used in this study for cloning siRNA expression cassettes at the BamH I site: pBlue, the commercial pBlueScript DNA vector from Strategene; pSD31, a pHIV-7 derived lentivirus vector with a BamH I site downstream from the 59 LTR for cloning siRNA expression cassettes (Zhang et al. 2007 ).
FIGURE 2. Extremely low efficiency of a lentiviral vector for delivery of a dsRNA library. The vector stocks were diluted 3000-and 1000-fold for tittering. pSD31 is the lentiviral backbone vector.
Potential RNA interference in preparation of a siRNA-carrying lentiviral vector
In order to figure out this puzzle, we chose a wellcharacterized p53-targeting siRNA and cloned two forms of its coding sequence (shRNA versus dsRNA) into pSD31 (Fig. 1) . We define sense and antisense strand base on target p53 mRNA. The convergent cassette can be placed in two orientations in pSD31. We chose only one orientation for further discussion, i.e., the sense strand is sequence identical to the simultaneously transcribed vector RNA, so that both p53 mRNA and viral RNA are dual targets of the same RNAi. The mouse U6 promoter (mU6) in dsRNA expression cassette is changed to human U6 promoter (hU6) to avoid sense and antisense transcription nonequivalence from different U6 promoters. The shRNA has been delivered into mammalian cells via a lentiviral vector and displayed robust p53 knockdown in stable transduction (Zhang et al. 2007) . In order to test whether dsRNA can be delivered in the same way as shRNA, we packaged the plasmids pSD31-dsRNA and pSD31-shRNA to produce siRNA lentiviral vectors. High titer vectors were obtained for pSD31-shRNA (z1 3 10 6 /mL), comparable to the backbone vector pSD31, while >30-fold lower titers were obtained for pSD31-dsRNA (Fig. 3A) .
To test whether siRNA is active in the process of lentivector production and explore the molecular basis of titer variation, we measured the levels of viral RNA and p53 mRNA, two potential targets of the same RNAi, in the packaged 293FT cells. The expression levels of p53 mRNA and viral RNA in pSD31-transfected 293FT cells were used as controls. We found that z10% of p53 mRNA and almost 90% of viral RNA were detected in pSD31-shRNAtransfected cells, in significant contrast to pSD31-dsRNAtransfected cells, wherein both targets were equally reduced z60% (Fig. 3B) . Clearly, the endogenous p53 mRNA was knocked down by both siRNAs and further knockdown was achieved for shRNA compared with dsRNA, which was also confirmed in Western blotting analysis (Fig. 3C ). These data suggest that in the packaging process the shRNA is very efficient but just preferentially degrades p53 mRNA not the viral RNA while the dsRNA, despite its relatively lower efficiency, knocks down both targets to the same extent. These results raise a question whether siRNAcarrying viral RNA itself is an inherent target of siRNA during the packaging process.
The effect of RNAi blocking on siRNA-carrying lentiviral vector productions
To answer this fundamental question we created a special packaging cell line wherein siRNA expression is capable of being regulated. This novel cell line, 293FTR, was generated by stable transduction of 293FT cells with lentiviral vector pSD400, which overexpresses the tetracycline repressor (TetR) in transduced cells (Zhang et al. 2007; He et al. 2008 ).
The expression level of TetR in 293FTR cells is shown in Figure 4 , A and B. As compared with T-Rex, a commercial TetR-expressing cell line from Invitrogen, the TetR mRNA level in 293FTR is z15-fold higher based on Taqman analysis and the protein level is further greater based on Western blotting. We then transfected 293FTR cells with pSD31-shRNA and pSD31-shRNA(O).
In the latter construct the shRNA expression was driven by a TetO-tethered inducible U6 promoter (Zhang et al. 2007) , and therefore should be suppressed in 293FTR cells. As shown in Figure 4C , there is no detectable p53 knockdown in pSD31-shRNA(O)-transfected 293FTR cells based on Taqman data, in contrast to 80% knockdown by the same plasmid in 293FT cells and 90% knockdown in both pSD31-shRNAtransfected 293FT and 293FTR cells; this indicates that the inducible U6 promoter for siRNA expression was completely inactivated in 293FTR cells. Next we compared the efficiency of viral vector productions from the developed 293FTR cell line and its parental 293FT cell line. As shown in Figure 5A , pSD31, pSD31-shRNA, and pSD31-dsRNA yielded the same titer in both cells (z1 3 10 6 for pSD31-shRNA and z3 3 10 4 for pSD31-dsRNA), indicating that TetR expression itself in 293FTR had no negative effect on viral RNA transcription and packaging. We then used these two packaging cell lines to validate the differential RNAi susceptibility to shRNA and dsRNA viral vectors. The titer for packaging pSD31-shRNA(O) from 293FTR cells was comparable to that from 293FT cells, indicating shRNA expression or not has no effect on shRNA vector production. In contrast, the titer of pSD31-dsRNA(O), whose antisense strand expression was driven by the inducible U6 promoter, from 293FTR cells was dramatically increased (z1 3 10 6 ) ( Fig. 5A) , indicating dsRNA expression significantly interferes with viral RNA level. Taqman analyses of viral RNA and p53 mRNA in transfected 293FTR cells indicated neither was significantly knocked down by pSD31-shRNA(O) or pSD31-dsRNA(O) (Fig. 5B) , confirming the effectiveness of TetR on suppressing siRNA expression. Considering the combined results from 293FTR and 293FT cells, one can conclude that the viral vector titer directly correlated with the level of the viral vector RNA, and that shRNA, but not dsRNA, exhibited a target bias against the corresponding viral RNA versus p53 mRNA. We also compared pSD31-dsRNA with pSD31-A/S (Fig. 1A) , an alternative dsRNA expression system with tandem promoters (Lee et al. 2002; Miyagishi and Taira 2002) , on viral vector production and p53 and viral RNA gene knockdown. Their identical behavior (Fig.  3A-C) excluded potential promoter interference between opposing promoters that may cause RNAi variation on vector degradation.
Mechanism underlying RNAi bias in preparations of shRNA and dsRNA viral vectors
The RNAi bias in preferential degradation of the dsRNA viral vector rather than the shRNA vector could be due to either the target RNA or siRNA effector molecule, or both. To distinguish these possibilities, we co-transfected pSD31-shRNA(O) and pBlue dsRNA (Fig. 1) into 293FTR cells, wherein the expression of shRNA, but not the dsRNA, was blocked, and measured the viral RNA level relative to that in pSD31/pBlue-transfected-293FTR cells. As shown in Figure 5C , there was no viral RNA knockdown either, indicating the shRNA-carrying viral RNA is resistant also to dsRNA. In a reciprocal experiment, we co-transfected pSD31-dsRNA(O) and pBlue-shRNA (Fig. 1) into 293FTR cells, wherein the dsRNA expression was blocked but not the shRNA. Taqman data demonstrated that >70% of viral RNA was degraded (Fig. 5C ), indicating dsRNA-delivering viral RNA is also a good target for the shRNA. Therefore, shRNA-carrying viral RNA, but not dsRNA-encoding viral RNA, was resistant to RNAi.
Many factors may potentially attenuate RNAi efficacy. There have been conflicting reports on whether local secondary structures of target RNA restrict the accessibility of RISC and decrease siRNA efficacy (Harborth et al. 2001; Bohula et al. 2003; Ding and Lawrence 2003; KretschmerKazemi and Sczakiel 2003; Vickers et al. 2003; Wunsche and Sczakiel 2005; Pei and Tuschl 2006) . It has been difficult to assess the target accessibility based on a reliable prediction of target secondary structure, since other factors, such as RNA-protein interactions, may potentially affect target accessibility to RNAi. Our observation of differential susceptibility of sh-and ds-viral RNA to RNAi degradation may provide some clarification on this controversy. The shRNA-vector genome contains a palindromic sequence encoding the shRNA, as opposed to the dsRNA-vector genome, which contains a flat sequence encoding the antisense and sense strands (Fig. 1A) . Such a difference leads to significant structural variation at the RNAi target position: a hairpin stem for the shRNA-carrying viral RNA versus a nonstructured flattened sequence for the dsRNAencoding viral RNA, with the remaining part of the two viral genomic transcripts being the same (Fig. 5D) . Cotransfection experiments demonstrated that the viral RNA with a hairpin stem is resistant to both shRNA and dsRNA (Fig. 5C ). In contrast, the flat ds-viral RNA containing the sense strand sequence is sensitive to both siRNAs (Fig.  5C,D) . Our results would strongly suggest that it is the local secondary structures within the target viral RNA that determines vector sensitivity to RNAi degradation. We conclude that local hairpin secondary structures in the target viral RNA do strongly affect RNAi efficacy, possibly preventing siRNA accessory, and thus make it resistant to RNAi. This is consistent with the very recent reports that the lentiviral vector can escape from RNAi by evolving an The role of viral RNA structure was further demonstrated by modification of construct A/S into A/S9 (Fig.  1A) , using tandem Pol III cassettes terminated by T5 as a spacer followed by antisense sequence in the vector. Both A/S9 and A/S should produce the same dsRNA in transfected cells with the later one mimicking shRNA-carrying viral RNAs. As expected, the RNA level of A/S9 and its titer were much higher than that of A/S (Fig. 6A,B) , strongly supporting that the susceptibility of A/S (low titer) to RNAi is due to lack of RNA secondary structure.
The relative contribution of dsRNA duplexes on dsRNA vector degradation
Since dsRNA vector is sensitive to concomitantly expressed dsRNA, we tried to use different dsRNA expression cassettes (Fig. 1A) to evaluate the relative contribution of dsRNA duplexes on viral RNA degradation. As shown in Figures 5A and  7A , transfection of pSD31-dsRNA(O) into 293FTR cells with the expression of the antisense strand being locked significantly improved the vector production with maximum titer obtained (z1 3 10 6 cfu/mL), indicating siRNA becomes inactive in the absence of the antisense strand. This is confirmed by direct analysis of the viral RNA levels (Fig. 5B) . These results support the idea that the antisense strand is the main effective component in RNAi, and blocking its expression completely restores viral RNA vector production. In a parallel experiment, we evaluated the role of the sense strand by transfection of pSD31-dsRNA(O9) into 293FTR and 293FT cells. Interestingly, blocking the sense strand expression in 293FTR cells did not enhance vector production as compared to pSD31-dsRNA (Fig. 7A) , and did not reverse viral RNA degradation (Fig. 7B) , indicating that the sense strand is likely dispensable for RNAimediated vector deletion.
One potential cause of titer decrease in packaging pSD31-dsRNA(O9) using 293FT or 293FTR cells may originate from impairment of the viral RNA transcription or packaging due to the inserted TetO sequence in the DNA template. We packaged pSD31-dsRNA(O2), which contains two TetO sequences in the DNA template (Fig. 1A) , and found that its viral titer, 4 3 10 4 c/mL, is even a little higher than that from packaging pSD31-dsRNA (Fig. 7A) , excluding the possibility of TetO disturbance on viral vector production. In addition, similar to packaging pSD31-dsRNA(O), maximum titer was obtained for packaging pSD31-dsRNA(O2) using the novel 293FTR packaging cell line, suggesting that blocking both strands of dsRNA or just the sense strand can inactivate RNAi and thus significantly improve dsRNA vector production.
It is well known that siRNA is a 21-23-base-pair doublestranded RNA that triggers RNAi via the aid of the RISC. However, recent biochemical studies revealed that siRNA duplexes exhibit strand asymmetry on RISC assembling, and proposed a concept of single-stranded siRNA and double-stranded siRNA (Martinez et al. 2002; Holen et al. 2003; Khvorova et al. 2003; Schwarz et al. 2003 ). Here we utilized the novel 293FTR cell line to selectively block the expression of either strand of the dsRNA duplexes, and confirmed that the antisense strand is the main effective component of RNAi (Martinez et al. 2002; Holen et al. 2003; Khvorova et al. 2003; Schwarz et al. 2003) , since inhibiting its transcription in the pSD31-dsRNA(O) vector completely restored vector production (Figs. 5, 7) . On the contrary, blocking the sense strand in the pSD31-dsRNA(O9) vector had almost no positive effect on vector production (Fig. 7) . These results support the concept of single-stranded antisense siRNA and double-stranded siRNA, i.e., both are effective on gene silencing (Martinez et al. 2002; Holen et al. 2003; Khvorova et al. 2003; Schwarz et al. 2003 ). However, unlike previous studies which indicated that the singlestranded siRNA is z5-10 folds less effective than double-stranded siRNA, we found that they displayed an identical effect on viral RNA degradation (Fig.  7A,B) . Our study differs from others in that we have constitutive expression of the antisense strand within intact cells versus transient presence in cell lysates. Therefore, the low potency of the singlestranded siRNA previously observed may not reflect its real activity, but rather its lower stability compared with doublestranded RNA (Holen et al. 2003) .
Preparation of high titer of lentiviral vectors for delivery of dsRNA libraries
To test whether the 293FTR cell line can be used for preparation of high titer of lentiviral vectors for delivery of the dsRNA library, we cloned the semi-randomized nuclear hormone receptor dsRNA library (Yang et al. 2006) into the dsRNA(O) expression cassette and then ligated it into pSD31. The dsRNA(O) expression cassette allows conditional repression of dsRNA (antisense strand) expression during vector production. As a result, the titer of dsRNA vectors was dramatically enhanced and such enhancement was reversed when 100 ng/mL of doxycycline was added to the 293FTR cell culture that induces dsRNA expression (Fig. 8) . In a parallel experiment using 293FT as packaging cells, lower titer of dsRNA vectors was obtained either in the presence of the inducer or not. Therefore, 293FTR is a unique packaging cell line for preparation of high titer of lentiviral vectors for delivery of dsRNA libraries.
To our knowledge, so far only shRNA has been reported to deliver by retroviral vectors for stable transduction. Here, our novel packaging system provides a mechanistic insight into lack of efficiency for dsRNA vector production. And also, as a proof of concept, we have demonstrated the powerful utility of this system for efficient delivery of the partial-randomized dsRNA library targeting specific gene family, which could be constructed with relative ease (Yang et al. 2006) . It can be envisioned that other combinatorial siRNA libraries based on dsRNA may also be constructed with less technical challenge than those based on shRNA. The availability of this novel packaging system we describe would allow stable transduction of such dsRNA libraries, which should have important implications for the RNAi field, especially for those who are using lentiviral dsRNA and dsRNA libraries for various biological discovery and therapeutic interventions.
MATERIALS AND METHODS
Construction of various shRNA and dsRNA expression systems
shRNA, a p53-targeting hairpin siRNA expression containing a mouse U6 promoter, and shRNA(O), the corresponding inducible cassette with a TetO sequence inserted into the mU6 promoter between the TATA box and PSE region (Fig. 1A) , were constructed by routine PCR as described previously (Zhang et al. 2007 ). dsRNA and A/S, double-stranded siRNA expression cassettes with dual mouse U6 promoters driving the siRNA sense and antisense strand expression in a convergent orientation (dsRNA) or in tandem (A/S), were constructed by PCR and PCR ligation. The same method was used to constructed dsRNA(O), dsRNA(O9), and dsRNA(O2), three inducible cassettes of dsRNA with TetO sequence inserted into one or two of U6 promoters between the TATA box and PSE for respectively adjusting the expression of antisense, sense, and both strands. The TetO sequences and the sense strand of siRNA were 59-CTCTATCATTGATAGAGT-39 and 59-GACTCCAGTGGTAATCTAC-39. pBlueScript (pBlue-) vector was purchased from Stratagene for siRNA-encoding DNA transient transfection. pSD31 was modified from pHIV-7 vector for siRNA packaging ( Fig. 1B ; Zhang et al. 2007 ).
Cell culture, transient transfection, and lentiplasmid packaging
Mammalian cells used in this study including 293FT and its derivate 293FTR were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. Experiments for lentiviral vector production using 293FT or 293FTR as a packaging cell line was performed according to Invitrogen's standard protocols. All packaging and following tittering experiments except the dsRNA library were carried out in parallels-exactly under the same conditions to exclude other potential factor variations that may attenuate viral vector titter. Briefly, subconfluent 293FT or 293FTR packaging cells in a T75 flask were co-transfected (afterward referred to as transfection if not specially noted) with 20 mg of a recombinant lenti-plasmid (pSD31-shRNA, pSD31-dsRNA, pSD31-shRNA(O), pSD31-dsRNA(O), pSD31-dsRNA(O9), pSD31-dsRNA(O2), or pSD31), 15 mg of pCMV-DR8.91, and 5 mg of pMD2G-VSVG by calcium phosphate precipitation. The medium was changed in 6 h and lentiviral vectors were harvested at 72 h. The cell pellets were washed once with PBS buffer and total RNA was extracted for Taqman analysis.
Creation of a novel 293FTR package cell line A 293FTR cell line was created by stable transduction of 293FT with pSD400 (Zhang et al. 2007 ) as follows: 1 3 10 6 of 293FT cells were seeded in a T25 flask and transduced with pSD400 at day 2 in the presence of 8 mg/mL polybrene. Selection was performed from day 3 by 450 ng/mL puromycin until parental cells from a parallel experiment completely died.
Western blot analysis
Cells were washed once with PBS buffer and lysed in boiling lysis buffer (1% SDS, 50 mM Tris at pH 7.4, 0.15 M NaCl, 1 mM NaF, 10 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 1 mM EDTA) for 5 min and passed through a 27-gauge needle. Lysates were cleared by centrifugation at 12,000g for 1 min, and protein concentration was determined using a BioRad DC protein assay. Equal amounts of protein were separated by 4%-20% SDS-PAGE before transfer to nitrocellulose membranes. Membranes were blocked with 5% skim milk or 3% bovine serum albumin in TBST (10 mM Tris at pH 7.5, 150 mM NaCl, 0.1% Tween 20) for 1 h at room temperature. Primary and secondary antibodies were used according to the manufacturer's instructions, followed by detection with enhanced chemiluminescence technique (Amersham Biosciences). Taqman analysis of the RNA level of endogenous p53 and exogenous viral RNA in the packaged 293FT and 293FTR cells
Quantitative real-time RT-PCR (TaqMan assay) was carried out to determine the expression level of endogenous p53 mRNA and viral RNA in 293FT and 293FTR cells that were transfected with variant pSD31-recombinant plasmid and structural plasmids. Dual-labeled fluorogenic probes and primers were synthesized at Integrated DNA Technologies, Inc. and a one-step real-time RT-PCR was carried out using an ABI PRISM 7700 sequence detection system (Applied Biosystems) as described previously (Hu et al. 2004) . Real-time PCR data were collected using the ABI PRISM 7700 sequence detection system. Relative quantification of the p53 mRNAs and viral RNA were achieved according to the principle of the standard-based quantitative PCR method as described previously (Hu et al. 2004 ). The error bar for triplication of each sample is z15%.
Titration of the lentiviral particles
According to Invitrogen's protocol, 1 3 10 5 HT1080 cells were plated in each well of a six-well plate. On the following day, two parallels of each viral stock diluted at 3000-and 1000-fold were used to transduce the cells in the presence of polybrene (8 mg/ mL). After 24 h the medium was changed to fresh medium supplied with 450 ng/mL puromycin for selection. The medium was changed every three days until day 10 when the medium was replaced with 2 mL of Coomassie blue stain and incubated for 30 min. 
